Aluminum induced crystallization of amorphous SiGe at low temperature is studied and a dual-phase stacked structure with different compositions emerges when the annealing temperature is higher than a critical value. This behavior is very sensitive to the oxidization state of the interlayer. A model based on energetics is proposed to elucidate this temperature dependent behavior. Thermodynamically, it can be ascribed to the competition between grain-boundary-mediated and interface-mediated crystallization and kinetically, it stems from the different diffusion rates of Si and Ge. The results are useful to the design and fabrication of high-efficiency solar cells. Polycrystalline silicon-germanium (poly-SiGe) is attracting more attention in the field of solar cells because of its higher photoelectric conversion efficiency.
Polycrystalline silicon-germanium (poly-SiGe) is attracting more attention in the field of solar cells because of its higher photoelectric conversion efficiency. 1, 2 SiGe thin films fabricated by vapor deposition are typically amorphous, and efficient crystallization on inexpensive substrates such as glass at a low temperature is crucial to low-cost and energy-saving production. Metal induced crystallization (MIC) has recently been studied in amorphous Si [3] [4] [5] [6] [7] and SiGe alloy. 8, 9 Atom diffusion is believed to play an important role in the MIC process which may be complicated in the SiGe binary system due to the different diffusion characteristics of Si and Ge. In this work, the phase structures during Al-induced crystallization of amorphous SiGe are studied from the viewpoint of thermodynamics and kinetics.
Bi-layered Al/a-Si 1Àx Ge x thin films with an equal thickness of 200 nm and Ge composition of about 35% were fabricated on glass substrates by RF magnetron sputtering at room temperature. After Al deposition, the samples were exposed to air for 1 s, 3 min, or 3 h to investigate the influence of the oxide interlayer. The samples were subsequently annealed under dry N 2 for 150 min at different temperatures from 250 C to 400 C. Fig. 1 displays the representative x-ray diffraction patterns of the samples without the oxide interlayer. Only the Al (111) diffraction peak can be observed from the as-deposited sample indicating an amorphous state in the original SiGe. After annealing at 250 C, three diffraction peaks, namely (111), (220), and (311), can be observed at 2h of 28 , 46 , and 55 indicating crystallization of a-SiGe. If the annealing temperature is raised to 300 C, double peaks appear unexpectedly between the diffraction peaks of single-crystal Si and Ge, indicating the formation of a dual-phase structure. It is also found that the crystallization temperature and dual-phase formation temperature increase to 275 C and 325 C, respectively, for the sample exposed to air for 1 s after Al deposition. If the air exposure time is prolonged to 3 min, they are increased to the same value of about 350 C but do not change further with longer air exposure time.
Grain boundary (GB) mediated 10 and interface mediated mechanisms have been proposed to explain Al-induced crystallization of amorphous Si/Ge. 11 The former involves interdiffusion of Si/Ge atoms into the Al grain boundaries and crystallization there. In comparison, crystallization occurs directly at the interface of Al and amorphous Si/Ge in the latter case. Figs. 2(a) and 2(b) depict the optical images of the samples without the oxide interlayer obtained from the backside of the transparent glass substrate. In the sample annealed at 250 C, about 90 grains can be observed within the field of view covering 32% of the area, whereas about 101 grains covering 41% of the whole area are observed from the 350 C annealed sample. These SiGe dendrites are Thermodynamically, metal induced crystallization is driven by the minimization of Gibbs free energy. In GB-mediated crystallization, two interfaces of Al/c-SiGe (crystalline SiGe) are formed instead of two interfaces of Al/ a-SiGe. On the other hand, in interface-mediated crystallization, two different interfaces are produced, namely Al/cSiGe and a-SiGe/c-SiGe. The average energy of Si and Ge is used as the approximate value for SiGe and the interface energies of Al/c-SiGe, Al/a-SiGe, and a-SiGe/c-SiGe can be determined by thermodynamics. 11, 12 The trend as a function of temperature is illustrated in Fig. 3(a) . Compared to the Al/ a-SiGe interface, the interface energy of Al/c-SiGe increases greatly thereby preventing crystallization. On the other hand, the bulk Gibbs free energy is reduced due to the orderly arrangement of the atoms, as indicated by the negative values shown in Fig. 3(b) consequently promoting crystallization. The interface free energy and bulk free energy compete to determine whether crystallization takes place or not. Only when enough atoms are involved, that is, the thickness of the activated amorphous layer is larger than a critical value, will the reduced bulk free energy be larger than the increased interface free energy for crystallization to take place spontaneously. 11, 13 This can be described by DG cryst V þ Dc I S < 0, in which DG cryst is the reduced bulk free energy in unit volume during crystallization, Dc I is the increased interface free energy per unit area, and V and S are the volume and surface area of crystallized SiGe, respectively. By letting the reduced bulk free energy be equal to the increased interface free energy, we obtain the critical thickness required for crystallization of a-SiGe in the Al grain boundaries and interfaces of Al/a-SiGe. The results are shown in Fig. 3(c) . The critical thickness decreases slightly from 0.49 nm at 200 C to 0.44 nm at 500 C for the Al/a-SiGe interface, whereas it decreases greatly from 0.78 nm at 200 C to 0.59 nm at 500 C for the Al grain boundaries. During the MIC process, only Si and Ge atoms near the metal layers can be activated. As reported previously, 12 the thickness of the activated SiGe layer is about 2 monolayers (ML), that is, 0.44 nm for Si and 0.50 nm for Ge, by taking the average value of 0.47 nm for SiGe. In other words, only these atoms can overcome the energy barrier to crystallize at low temperature. At the Al grain boundaries, a-SiGe layer is sandwiched between two Al grains and the total thickness of the Si and Ge atoms activated by the metal layers is 4 ML which is thicker than the critical thickness required for crystallization at any temperature as shown in Fig. 3(c) . However, at the Al/a-SiGe interface, only when the temperature is raised to 320 C will the critical thickness be reduced to 2 ML in order that interfacemediated crystallization can take place.
Kinetically, the composition evolution is indeed controlled by atomic diffusion as described by Arrhenius equa- 14 where D 0 is the pre-exponential factor, Q is the activation energy, and T and R are the absolute temperature and gas constant, respectively. By substituting 14 the diffusion rate of Ge is found to be about 3.5 times that of Si in this temperature range. Hence, a physical model of the formation of this dual-phase structure can be proposed, as schematically presented in Fig. 3(d) . At a temperature below 320 C, only GB-mediated crystallization can take place and SiGe grains with a single composition might be evidenced there, as indicated by A in panel I of Fig. 3(d) ; at the same time, some Al atoms diffuse into the initial amorphous SiGe layer and crystallize there. So layer exchange takes place, as displayed in Figure 2(f) . When the temperature is raised to a higher value, interface-mediated crystallization also becomes possible, which can take place at the initial Al/ SiGe interface as well as near the Al grains formed in the initial amorphous SiGe layer, as indicated by B and C, respectively, in panel II of Fig. 3(d) . The crystallized SiGe alloy in the Al GBs should be Ge rich due to its larger diffusion rate, while that near the Al/SiGe interface has a smaller fraction of Ge because of less Ge atoms left. This leads to the dual-phase structure of SiGe that may improve the photocurrent of solar cells but without affecting the open-circuit voltage. 15 The oxide interlayer between Al and SiGe usually acts as a diffusion barrier and affects the crystallization process and dual-phase formation. However, it should be mentioned that at the temperature range between 200 and 500 C, the oxide interlayer may be broken locally, 16 and an intermixed phase of Al x Si can be established in the oxide interlayer. 17 Both the "broken" grains and Al x Si phase may serve as a diffusion path for Al and Si atoms. 18 Al-induced crystallization and dual-phase formation can thus take place but at a smaller velocity and density. Long-time exposure in air may produce a thicker oxide interlayer and so the crystallization temperature and dual-phase formation temperature should be increased depending on the thickness of the oxide interlayer. These two temperatures are close to the constant value observed from samples exposed to air for longer than 3 min. That is to say, 3 min air exposure is sufficient for complete oxidation of the Al surface layer. On the other hand, if the annealing time is prolonged so that more sufficient atoms can diffuse to the Al grains, a dual-phase structure can also be formed in the samples with a thicker oxide interlayer. For instance, 5 h annealing is required for the emergence of the dual-phase structure after annealing at 300 C. However, this dual-phase structure disappeared as a result of further atom diffusion driven by chemical potential difference if the annealing time was prolonged to 100 h. 8 In summary, Al induced crystallization of amorphous SiGe has been studied. A dual phase structure is observed after annealing at temperatures higher than a critical value. Thermodynamic and kinetic studies suggest that only GBmediated crystallization takes place below the critical temperature, and SiGe grains with a larger Ge fraction are formed due to its higher diffusion rate. At a temperature higher than the critical value, both GB-mediated and interface mediated crystallizations occur, and polycrystalline SiGe in the Al/a-SiGe interface has a smaller Ge concentration compared to that in the Al grain boundaries. Hence, a dual-phase SiGe structure is formed and believed to be useful in high-efficiency solar cells. The critical temperature of dual-phase formation is raised slightly if there is an oxide interlayer between the Al and a-SiGe. This behavior is also time and composition dependent, requiring further research works. The model described here can be extended to metal induced crystallization of other alloy systems. 
